A high-power diode-cladding-pumped Ho 3þ -doped fluoride glass fiber laser operating in cascade mode is demonstrated. The 5 I 6 → 5 I 7 and 5 I 7 → 5 I 8 laser transitions produced 0:77 W at a measured slope efficiency of 12.4% and 0:24 W at a measured slope efficiency of 5.2%, respectively. Using a long fiber length, which forced a large threshold for the 5 I 7 → 5 I 8 transition, a wavelength of 3:002 μm was measured at maximum output power, making this system the first watt-level fiber laser operating in the mid-IR. © 2011 Optical Society of America OCIS codes: 140.3510, 140.3480.
The burgeoning field of mid-IR photonics requires a variety of pump and probe sources in order to create the integrated optical devices required for the plethora of applications in defense, health, and the environment. The mid-IR region of the spectrum that is relevant to optics and photonics spans 3 to 50 μm [1] and contains most of the signatures relating to biochemicals and other molecular compounds. Traditionally, research into fiber lasers using fluoride glasses operating in the far shortwave region of the spectrum has been driven by requirements in medicine and materials processing; however, as demands develop from mid-IR photonics, pushing the emission wavelength of fiber lasers further into the mid-IR is desirable. To date, the rare earth ions erbium [2] , holmium [3] , and dysprosium [4] have created the highest output power and efficiency in the far shortwave IR region with the former two ions also generating low power emission in the near mid-IR region albeit at low efficiencies [5] [6] [7] .
A recent report [8] of an all-fiber erbium-doped ZBLAN 2:825 μm fiber laser emitting 20:6 W of single transverse mode output power demonstrates the maturity and utility of fluoride glass fiber lasers for long wavelength emission. This result suggests that fluoride glass fiber lasers could find application as pump sources for mid-IR integrated optics. Holmium-doped fluoride glass fiber lasers operating on the 5 I 6 → 5 I 7 laser transition (see Fig. 1 ) have shown high efficiency, high power [9] , and broad tunability and offer the opportunity, as a result of the longer fluorescence wavelength compared to erbium, to extend the emission from fiber lasers into the mid-IR region while utilizing a diode-pumped format and operation at room temperature. The 5 I 6 → 5 I 7 laser transition of Ho 3þ is potentially selfterminating because the lifetime of the upper laser level is shorter than the lower laser level lifetime [10] , see Fig. 1 . As a result, high-power holmium-based fluoride glass fiber lasers have used cascade lasing [11] or codoping with Pr 3þ ions [3] in order to depopulate the lower laser level. In this Letter, we demonstrate using direct diode pumping of the upper laser level, cascade lasing of both the 5 I 6 → 5 I 7 and 5 I 7 → 5 I 8 laser transitions. With the use of holmium-only doping so that the lower laser level is not efficiently de-excited and a long fiber length that produces a high threshold for the 5 I 7 → 5 I 8 laser transition at 2:1 μm, we force the 5 I 6 → 5 I 7 laser transition to terminate on the high Stark levels of the 5 I 7 manifold. As a result, we observe midwave emission from the 5 I 6 → 5 I 7 transition, high efficiency, and pump-limited output power.
The experimental arrangement for our Ho 3þ -doped cascade ZBLAN fiber laser is shown in Fig. 2 . Two commercial high power 1150 nm diode lasers (eagleyard PHOTONICS, Berlin) were used to pump each end of the fiber after polarization multiplexing and focusing of the diode laser output using a standard microscope objective (10 × 0:25 NA) at one end of the fiber and a coated ZnSe objective lens (Innovation Photonics, New Jersey) at the other end, which also collimated the outcoupled light from the fiber laser. Two resonator arrangements were tested; one that employed Fresnel reflection from both ends of the fiber and the other that had a dichroic mirror (highly transmitting at 1150 nm, 60% reflecting at 2:1 μm and >98% reflecting at 2.5 to 3:2 μm) placed against one end of the fiber. For all of the experiments, the Fresnel reflection was used for feedback and another dichroic mirror (highly transmitting at 1150 nm, 60% reflecting at 2:1 μm and >98% reflecting at 2.5 to 3:2 μm) was positioned between the polarizing beam splitter and the ZnSe focusing lens (at an angle of 15°5 with respect to the pump beam) to feed out the fiber laser output; see Fig. 2 . A polished Ge wafer was used to filter the 1150 nm pump light and a mirror with 90% transmission at 2:1 μm and >99% reflectivity between 2.4 and 3:2 μm was placed after the Ge wafer to distinguish between the 2.1 and 3 μm output. An optical spectrum analyzer (Yokogawa AQ6375, Japan) was used to measure the laser spectrum at 2:1 μm, and the spectrum at 3 μm was measured using a calibrated monochromator with 0:3 nm resolution. A custom-designed double-clad Ho 3þ -doped double-clad fiber (FiberLabs, Japan) was D-shaped with a pump core diameter of 125 μm across the circular cross section and had a NA of 0.50. The fiber had a 10 μm-core diameter with a NA of 0.16 and was cleaved with a York FK11 cleaver. A Ho 3þ concentration of 1:2 mol:% was chosen to minimize energy transfer between Ho 3þ ions. The absorption coefficient and launch efficiency were measured to be 0:28 m −1 and 84%, respectively, using cutback measurements. The selected fiber length of 10 m provided 95% pump absorption efficiency.
The measured output power from the two transitions as a function of the launched pump power for both resonator arrangements is shown in Fig. 3 . For the Fresnel reflection only resonator, a measured output power of 431 mW at 2:986 μm was produced at a slope efficiency of 7.2%. The threshold pump power was 270 mW. The laser emission centered at 2:071 μm reached threshold at a launched pump power of 3:3 W; the measured maximum output power was 163 mW achieved at a slope efficiency of 3.8%. Note that because we uniformly pumped the fiber, the output from the fiber laser for this resonator was symmetric and we can assume that approximately 860 mW at 2:986 μm was actually generated. It is clear that cascade lasing can proceed without the use of specially designed resonator mirrors. For the resonator employing the dichroic mirror, a maximum output power of 767 mW at 3:002 μm (see Fig. 4 ) was produced at a slope efficiency of 12.4%, which was limited by the maximum launched pump power of 7:6 W. The threshold pump power was 250 mW. The launched pump power at the threshold for the 2:074 μm laser transition was 2:7 W because of the dichroic mirror. The measured maximum output power of 239 mW was produced at a slope efficiency of 5.2%. Note that some 2:074 μm laser radiation leaked from the dichroic mirror side of the cavity. For both resonator arrangements, the slope efficiency of the 5 I 6 → 5 I 7 laser transition increased after the 5 I 7 → 5 I 8 laser transition reached threshold. Figure 4 shows the optical spectrum of the output at maximum pump power for both resonator arrangements. For the Fresnel reflection only resonator, the 5 I 6 → 5 I 7 ( 5 I 7 → 5 I 8 ) laser transition operated with a center wavelength of 2:986 μm (2:071 μm) and a bandwidth of 14 nm (2 nm). When the dichroic mirror was applied, the center wavelength lengthened to 3:002 μm (2:074 μm) and the bandwidth was 12 nm (2 nm). The mirror produces a lower threshold for the 5 I 7 → 5 I 8 transition which created more ground state ions, more reabsorption, and hence a longer emission wavelength albeit only slightly longer.
The emission wavelength for the 5 I 6 → 5 I 7 laser transition was dependent on the pump power and the resonator arrangement, see Fig. 5 . A small instability of ∼ AE 4 nm in the center wavelength of the output was observed due to the free running nature of the laser, and the results shown in Fig. 5 were an average from 10 measurements. Figure 5 shows that the center wavelength increased quickly with the launched pump power until the threshold for the 5 I 7 → 5 I 8 transition was reached, after which the center wavelength change was gradual. Before the threshold of the 2:1 μm transition, the population in the 5 I 7 multiplet increased forcing a longer emission wavelength for the 3 μm transition; however, when the 5 I 7 multiplet population was clamped at the threshold level for the 2:1 μm transition, further increases in the 3 μm emission wavelength resulted from heating. Increasing the length of the fiber further to force a higher threshold for the 2:1 μm laser transition would see the emission wavelength reach 3 μm at lower values of the launched pump power. The output was stable to within 6%; see the inset of Fig. 5 .
Cascade lasing is a well-known technique that has been demonstrated for a number of rare earth ions [12] [13] [14] . In a similar way to the erbium-doped fluoride fiber laser [15] , the current demonstration shows that cascade lasing can occur without the need of mirror reflectivity profiles that create strong cavity resonances. Fresnel reflection is sufficient for cascade lasing in both Er 3þ and Ho 3þ double-clad fiber laser systems, and because the pump intensity is comparatively low compared to core pumped lasers, concerns associated with parasitic lasing from high energy level transitions that are populated by pump excited state absorption are not raised in the current arrangement. This is particularly true for low dopant concentrations that prevent large rates of energy transfer upconversion (see Fig. 1 ). Thus the mirror reflectivity profiles are an adjustable parameter allowing optimization of desired output characteristics. In the present demonstration, the reflectivity of the dichroic mirror at 2:1 μm could be adjusted to force a higher or lower threshold for the 2:1 μm laser transition. In conjunction with the fiber length, this feature provides a broad parameter space for tailoring the emission wavelength, output power, and efficiency of each laser transition. With the laser optimized for maximum efficiency of both laser transitions, cascade lasing offers a useful approach to mitigating the effects from heat generation in the fiber, a particularly important characteristic when soft glasses are used. As the system approaches large photon conversion efficiencies, the heat created from the absorption of the pump photons arises primarily from intramultiplet transitions.
The measured output power of 0:77 W at an emission wavelength of >3 μm represents the first watt-level emission from a fiber laser in the mid-IR region of the electromagnetic spectrum. Previous demonstrations of mid-IR emission from Ho 3þ -doped ZBLAN fibers lasers at 3:22 μm [5] and 3:95 μm [6] used high lying fluorescence transitions which resulted in low <3% slope efficiencies and considerable heating of the fiber. The use of lower lying transitions accessible using diode pumping and laser transition cascading offers an effective route to lowering the rates of multiphonon decay and to the production of efficient mid-IR light.
In summary, we have demonstrated what we believe to be the first room-temperature high-power mid-IR emission from a fiber laser using cascade lasing of two laser transitions of Ho 3þ in a diode-pumped arrangement. Further power scaling is possible simply by increasing the pump power, and tailoring of the emission wavelength can be achieved by changing the reflectivity profile of the mirrors and the fiber length. Some optimization of the Ho 3þ concentration in the core of the fiber is likely. 
